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Low Carbon Futures: Confronting Electricity Challenges on Island 
Systems  
Abstract 
This paper considers the range of possible long-term futures for an electrically isolated island power 
system. Emphasis is given to generation investment decisions supportive of low-carbon renewable 
generation. Ranges of policy interventions are considered for the electrically isolated case study 
island of São Miguel in the Azores islands in the North Atlantic Ocean. The whole systems 
methodological approach of System Dynamics is used to bring together key sub-systems relating to, 
for example, generation adequacy, renewable generation investments and demand-side aspects. In 
this way, a comprehensive understanding is established with high levels of endogeneity. The model 
is used to investigate a range of policy scenarios associated with renewable energy growth, electric-
vehicle uptake and electricity storage. It is found that policy is most effective when all aspects are 
addressed simultaneously and in a co-ordinated manner and that policy favouring renewable 
generation alone is not sufficient to achieve the highest possible penetration of renewables. Finally, 
the robustness of the observations is addressed via Monte-Carlo based sensitivity testing.  
Keywords 
Low-Carbon Futures; Island Electricity Systems; System Dynamics; Electricity Transitions; Sustainable 
Energy 
1. Sustainable Low-carbon Electricity Systems on Islands 
The pursuit of low-carbon renewable sources addresses the challenges of high energy prices, energy 
security relating to the import dependency of fossil fuels, and CO2 emissions (European Commission, 
2016; Foxon, 2013; IRENA, 2013; UNFCCC, 2016; Weisser, 2004). Renewables are improving access 
to modern energy services and can enhance the sustainability and resilience of electricity systems 
(UNF, 2013). 
Consequently, incentives are being implemented worldwide to improve electricity systems through 
environmentally friendly sources, while upholding reliable energy supplies. The use of low-carbon 
energy sources, energy efficiency and other resources (UNF, 2013; Islands Energy Program, 2016) 
provides electricity systems with the requisite tools for sustainable energy provision. Such systems 
are now moving to higher levels of renewable energy generation with new technologies facilitating 
these transitions. Emerging challenges will further shape the low-carbon outcomes and policies. It is 
therefore important to understand the ways in which policy can influence the large variety of future 
trajectories for electricity systems.  
In our work, we apply these considerations to the particular context of electrically isolated island 
systems, in particular the Azorean island of São Miguel (Matthew et al., 2017, 2016). 
1.1 Evolving Low-carbon Electricity Systems - Socio-techno-economic factors 
An objective for policy makers is to transition current electricity systems to satisfy increasing 
populations and their desire for uninterrupted power supply (IEA, 2016), coupled with fulfilling 
global climate change targets (European Commission, 2016) and tackling an overreliance on fossil 
fuels (European Commission, 2016). Future electricity systems should be diverse, dynamic and 
evolving low-carbon integrated systems. According to MIT (2011), while the majority of current 
electricity systems are not yet broken, the emerging challenges from the energy transition could 
substantially degrade system reliability and efficiency.  
Island electricity systems are already experiencing an evolution from traditional centralised fossil-
based generation to a predominately decentralised low-carbon architecture (Islands Energy 
Program, 2016; Vallvé, 2013). New types of low-carbon and smarter systems enabled by pervasive 
ICT will emerge with bidirectional communications and power exchange between suppliers and 
consumers (Bompard et al., 2012). These systems are not limited to an already diverse set of 
dynamic, distributed energy suppliers, but should also connect smart users (i.e., those who are 
responsive, energy efficient, and variable) to sustainable energy sources. Many challenges and 
opportunities arise from the development of these systems and services. There is evidence that such 
changes, mediated by public policies and a variety of technological, social and economic changes, 
can alter both the demand and supply of electricity (MIT, 2011). The implementation of such 
changes involves both operational and architectural factors. There is a need for newer policies and 
renewed investment strategies for generating, delivering, storing, and consuming electricity. If 
regulatory policies and the technologies employed in the electricity system do not adapt, it will be 
difficult to maintain acceptable reliability and sustainability (MIT, 2011). 
Traditional fossil-based electricity systems are imbued with numerous multi-level interactions 
(Chappin, 2011; Geels and Schot, 2007). The accompanying complex dynamics not only involve the 
technical and physical aspects but also various socio-economic systems interacting with them 
(Chappin, 2011; Geels, 2002). Future low-carbon electricity systems will be more complex than 
fossil-based electricity systems (Bompard et al., 2012; Foxon, 2011) due to the added physical, social 
and economic inter-relationships (Bompard et al., 2012; Chappin, 2011). Some of these interactions 
feed back into energy security concerns of low-carbon transitioning systems so stakeholders such as 
governments and energy suppliers must monitor them within the extended system, if the maximum 
long-term benefits are to be obtained.  There is also a need to adapt behaviour to ensure that an 
evolution of low-carbon electricity system design and implementation goals are achieved.  All these 
changes occur within the broader political and cultural context shaping policies and behaviours.  
Energy policy is frequently framed as an “energy trilemma” of economic affordability, environmental 
concerns and security of supply (Nuttall, 2013; World Energy Council, 2016). These factors readily 
apply to island systems albeit sometimes in more heavily constrained ways.   
In line with the scope of this special issue, the research presented here considers various types of 
public policy, together with initiatives and processes associated with the successful promotion of 
innovation. The focus of this paper is on economic development within the context of a small 
remote ocean island in the Azores archipelago. This special issue is titled Global Shifts in 
Technological Power, so cognisance is made of the leading role that relatively small, isolated 
communities can play in facilitating such global shifts. This is especially manifest in energy systems 
development in the Azores, where the islands have become the testbed for trialling pioneering 
research and innovation into energy transition. The novel work presented in this paper investigates 
the long-term investments and policy progress in the areas of energy, climate change and clean 
industries, which allied with water and food, comprise a key sub-theme for this special issue. 
1.2 An Exemplar Isolated Electricity System 
The work here focuses on one particular isolated island territory, São Miguel in the Azores. The 
rationale for choosing this territory is:   
• It is part of Portugal, the European Union, and is economically developed. 
• It is of sufficient size and complexity to emulate the attributes of larger systems, while not 
having electrical connections to any other island or to the mainland.  
• While the island has some political autonomy, electricity tariffs are not set locally but are 
determined administratively in Lisbon, so the electricity system on the island is not economically 
isolated (EDA, 2008). 
With an estimated population of 138K and a Gross Value Added of 1.96 billion euros in 2016 (SREA, 
2018), São Miguel has a growing tourist economy and traditional sectors of fishing and farming. The 
main electricity utility in São Miguel, Electricidade dos Açores (EDA), is a fully regulated utility 
alongside a few independent power producers (less than 2% of total production) (EDA, 2016). In 
2016, São Miguel had an annual electricity production mix comprising 53% fossil fuel, 36% 
geothermal, 6% hydroelectric (principally run-of-river) and 5% wind, and a total generation (in 2016) 
of 424 GWh (Franco et al., 2017). Capacity reserve margins are above 30%, which is required to 
maintain security of supply, leaving a significant amount of generation capacity unused for much of 
the year. Indeed, a significant amount of night-time wind generation in the winter months has to be 
curtailed, which is a motivation for the development of energy storage.  While the high level of 
geothermal generation makes São Miguel different from other island systems, the dependence on 
fossil fuels is highly typical of isolated islands, so that São Miguel is well suited as an exemplar 
system of low-carbon future challenges. Note that the scenarios detailed in Section 3 have been 
developed in discussions with EDA and therefore relate to challenges and policy options directly 
applicable to São Miguel, as well as to other island systems. 
The historical dependence of São Miguel on imported fossil fuels is illustrated in in Figure 1. 
The figure shows the increasing use of fossil fuels for electricity production in the years to 2006, 
followed by a gradual decrease from 2006 – 2018. This decrease may be attributed to the 
implementation of various renewable energy policies and objectives which are referred to in this 
paper.  
Indeed, the Azores islands in the North Atlantic Ocean have been the focus of much international 
interest for energy and environment-related technology and policy research (Baptista et al., 2009; 
Ilic et al., 2013; Parness, 2011; Pina et al., 2012; Silva, 2013). This research has provided a foundation 
for a series of studies conducted by our group in recent years that has added a System Dynamics 
(SD) perspective to the growing body of knowledge (Matthew et al., 2017, 2016, 2015, 2014). This 
current paper represents a culmination of several previously presented strands of insight emerging 
from the SD approach. As such, the intention here is to achieve a more holistic level of 
understanding and to assess the overall system behaviours and the sensitivity of the system to 
various drivers, thereby achieving a more comprehensive depth of insight. The journey to this model 
has involved the development of several smaller models of simpler scope (as discussed in (Matthew 
et al., 2017, 2016, 2015)), so this more holistic model is termed the “synthesis model”.  
 
 
Figure 1 Diagram showing the quantity of fossil fuels (heavy fuel oil and diesel) used for electricity 
production in São Miguel from 1999 to 2018 
 
The organisation of this paper is as follows. In Section 2, the System Dynamics modelling 
methodology is introduced and applied to model the low-carbon transition. A detailed discussion of 
the model is followed in Section 3 by a description of the three scenarios studied within this paper. 
The results and discussions are given in Section 4, followed by a concluding Section 5. 
2. Modelling the Low Carbon Transition  
SD is an established technique for analysing systems with complex dynamics through robust 
simulation guided by model diagrams that incorporate complicated interactions via a series of stocks 
and flows and feedback loops. Devised by Forrester (1961) as a tool for Operational Research, it has 
found widespread application in policy analysis and scenario planning. Starting from a conceptual 
model of the system, this so-called ‘mental model’ is developed, refined and simulated, typically 
within a comprehensive Integrated Development Environment (IDE), such as Vensim (Ventana 
Systems, 2018). For both an introductory textbook and a reference manual on System Dynamics, see 
(Sterman, 2000).  
The SD application to a low-carbon transition in an island system involves an in-depth analysis of the 
growth of renewable generation taking into account demographic, economic, investment and policy 
drivers. In particular, the SD model is used to study the effect of three scenarios: energy efficiency 
measures, Electric Vehicle (EV) expansion and renewables policies, as described in Section 3 below. 
The associated mental model feedback loop diagram is shown in Figure 2. It presents the key policy 
and investment feedback relationships that exist for the evolution and challenges encountered by an 
isolated small-island electricity system. The developed model will be shown later in Figure 3. The key 
causal relationships in Figure 2 are the four loops, two balancing (negative feedback) and two 
reinforcing (positive feedback), all interacting at the long-term low-carbon based capacity mix and 
the demand/capacity ratio variables. The main aspects captured by this model are the pursuit of 
low-carbon technologies aided by environmentally driven policies, and the interplay arising from the 
long-term electricity demand and the affordability of the various electricity-generation technologies.  
2.1 Model Structure 
Figure 2 has many interactions which determine the key endogenous variables of the model and 
which are now described in detail. These endogenous variables include: net CO2 emissions, net 
electricity demand and expected revenues per MW of installed capacity. The key exogenous 
variables of the model are: the capacity utilisation, GDP changes, low-carbon policy targets and 
population changes. The various exogenous variables used were verified with EDA and with relevant 
global data sources (EDA, 2016; European Commission, 2013; Ilic et al., 2013; IRENA, 2014; Isle-pact, 
2012). 
 
Figure 2 Mental model feedback diagram of the isolated island electricity system. The influence of 
exogenous variables is shown in blue. 
As shown in Figure 2, three of the four loops, as the drivers to the underlying system structure, 
converge at the long-term low-carbon based capacity mix variable. A remaining loop interacts with 
the demand/capacity ratio variable. These loops represents the key causal relationships that exist 
within an isolated electricity system pursuing low-carbon futures. The demand-based energy 
security loop (red and black) captures the demand-side dynamics of the model, including the 
endogenous effects of a low-carbon policy. This loop includes the adoption of electric vehicles and 
energy efficiency mechanisms, and is reproduced from the endogenous demand sub-model in 
(Matthew et al., 2017). It details a loop that has a balancing effect on the demand/capacity ratio. 
That ratio is useful for ensuring that there is sufficient electricity supply to meet the demand. If the 
demand/capacity ratio is high, then the level of innovative new electricity demand (e.g. electric 
vehicles adoption) is lower than it otherwise would be. We note that in every such case of innovative 
new demand there is a delay associated with the growth of this demand. The lowering of the 
innovative new demand as described (and as seen in our model via electric vehicle adoption) is 
reinforced via ‘consumer-type’ electricity consumption. The lower than normal effect described 
above is reinforced by the net electricity demand variable. This effect is then reinforced in the 
demand/capacity ratio variable. In this way, we complete the demand-based energy security 
balancing loop of Figure 2. 
 The three other loops interacting at the long-term low-carbon based capacity mix variable of Figure 
2 reflect the key supply-side dynamics of the system. The outer low-CO2 emissions target loop 
(green) is a reinforcing loop centred on the environmentally motivated drive for lower CO2 
emissions. If the demand/capacity ratio is high then the desirable low-carbon integration variable is 
higher than what it would otherwise be. Also interacting here are the exogenous effects of the 
renewable resource dynamics and environmentally friendly technology policies. The desirable low-
carbon integration variable reinforces the higher-than-normal effect on the CO2-emissions friendly 
supply capacity which then balances the supply capacity factor.  Most low-carbon sources have 
relatively low capacity factors. The consequence in the model is that the supply capacity factor is 
lower than it otherwise would be. This decrease in supply capacity-factor is then reinforced onto the 
low-carbon attractiveness for new capacity which, in turn, reinforces the decrease of the long-term 
low-carbon based capacity mix. For the completion of the loop, the long-term low-carbon-based 
capacity mix variable has a balancing effect on the demand/capacity ratio. This variable is now 
higher than it normally would be and closes the reinforcing low CO2 emissions target loop. 
The inner supply-based energy security loop (brown and green) is also consistent with the 
environmentally motivated drive for lower CO2 emissions. This loop, however, captures the fossil-
fuel aspects of this part of the system so, as discussed above, if the demand/capacity ratio is high, 
then the desirable low-carbon integration variable is also higher than it would otherwise be. This 
increase, however, has a balancing effect on the available fossil fuel capacity variable. The resulting 
lowering effect on this variable has a balancing effect on the prospective low-carbon electricity 
supply variable causing it to increase. This increase, with a time delay, has a reinforcing effect on the 
long-term low-carbon based capacity mix variable causing it to be higher than it would normally be. 
As shown above, the completion of this loop involves the long-term low-carbon based capacity mix 
variable having a balancing effect on the demand/capacity ratio variable. If the supply-based energy 
security loop were acting on its own, then, due to the balancing effect of the loop, the 
demand/capacity ratio variable would now be lower than it otherwise would be. Additionally, 
factors relating to the intermittency of the different disaggregated renewable sources are included 
within the low-CO2-emissions target loop and the supply-based energy-security loop. 
In real world-policy making, the definition of term ‘energy security’ varies widely depending on 
context, with a multi-faceted approach often being taken. For example, the International Energy 
Agency (2019) defines energy security in economic terms as being:  
“….the uninterrupted availability of energy sources at an affordable price. Energy security has 
many aspects: long-term energy security mainly deals with timely investments to supply 
energy in line with economic developments and environmental needs. On the other hand, 
short-term energy security focuses on the ability of the energy system to react promptly to 
sudden changes in the supply-demand balance” 
In contrast, other organisations weight the benefits of self-sufficiency and energy-independence like 
the Energy Security strategy of the European Union (European Commission, 2019) and assorted 
policies of key regulatory bodies in the United States of America, e.g. , United States Environmental 
Protection Agency (2019).  
This paper deliberately adopts a pragmatic definition of energy security in that it represents a 
paradigm which is energy self-sufficient and either eliminates or has very low dependency on 
imported fossil fuels.  
Not only are we working with this constrained definition of energy security based  on low (fossil fuel) 
import dependency, we also do not focus equally on the whole energy policy trilemma, but instead 
put the focus on the nexus between the environmental and energy security (fossil fuel dependency) 
concerns of the island system. As such, we carefully ignore the economic and affordability aspects as 
the motivation for this research into modelling São Miguel in the Azores, was partly to allow such an 
approximation to be made without risking divergence from the real-world experience. As described 
in Section 1.2, Azorean energy economics is not local and endogenous. The island is not 
economically isolated (for energy pricing) from Portugal and prices are not determined via liquid 
local markets.  This paper provides an insightful approach for mitigating the emerging policy and 
investment challenges and behaviour issues of low-carbon-transitioning island systems. Issues 
include sustaining the uptake and increasing the amounts of renewables, ensuring energy security 
(fossil fuel import independence), and understanding useful strategies that can improve investment 
decision-making for the electricity generation capacity mix. Critical policy recommendations allied 
with long-term investment observations, are influenced by these environmental and energy security 
concerns, have the potential to be revealed.  
Figure 2 includes an economic and sustainable electrification loop (red and green) which captures 
the key long-term economic aspects of the system driving the low-carbon based capacity mix 
variable and, in turn, impacting on the demand/capacity ratio. This is a reinforcing loop and a similar 
starting point as the demand-based energy-security loop is assumed. If the demand/capacity ratio is 
low, then the delayed innovative new demand (i.e., electric vehicles adoption) is raised. This raised 
effect on the new innovative electricity demand then reinforces the ‘consumer-type’ sector 
consumption, which, in turn, reinforces the net electricity demand. Hence the net electricity demand 
is itself increased. This increase has a reinforcing effect on the ‘capacity-type’ attractiveness causing 
it also to be raised. Other exogenous variables key to the long-term economic aspects of the system 
also interact with the ‘capacity-type’ attractiveness. The capacity utilisation, electricity prices, and 
government subsidies have reinforcing effects on the ‘capacity-type’ attractiveness variable. The 
‘capacity-type’ attractiveness variable then, with a delay, has a reinforcing effect on the long-term 
low-carbon-based capacity mix causing it to be raised. The completion of this loop, in a similar way 
to the low-CO2-emissions target loop and the supply-based energy-security loop, involves the long-
term low-carbon based capacity mix variable having a balancing effect on the demand/capacity ratio 
variable.  Hence, if this loop were acting on its own, the demand/capacity ratio variable would be 
raised. 
The four highlighted loops comprise the key components of the model structure, which captures the 
principal environmental and electricity security concerns of an isolated island system. The mental 
model is then used to formulate a full SD model, which is then applied to the exemplar island, viz., 
São Miguel in the Azores. 
2.2 Model Formulation  
The model in Figure 2 was implemented using the Vensim software package (Ventana Systems, 
2018). The main mappings of the key stocks and flows and exogenous factors for this model are 
shown in Figure 2. For the analysis in this paper, the model is simulated on a monthly time-step over 
a 45-year time horizon 2005 - 2050, with the calibration period being between 2005 and 2015.  
This means it is assumed that 2015 is the current year, and the modelling commences ten years earlier in 2005, 
so giving a ten-year time frame of data for both model calibration and validation. Moreover, by commencing 
the model in 2005 it means publically available datasets are applied to authenticate and refine key model 
parameters and relationships. This is advantageous because official datasets take a long time to be published 
due to assorted acquisition and publication practicalities and ensuring the data is neither commercially 
sensitive nor at risk of revealing customers’ private information. 
Rigorous validation steps are taken, as described in Section 4.1, to ensure the robustness of the 
model for studying the low-carbon energy transitioning and electricity challenges within isolated 
island systems.   
 
Figure 3 Stock and flow diagram of the isolated island electricity system. The structure presented 
here has some simplification from the full model.  
In particular, during the calibration period, the patterns of behaviour of important simulated system 
variables (e.g., “installed fossil generation capacity”, “installed renewables aggregated capacity” and 
“installed energy storage capacity”) are required to follow the same trends as the real system data. 
Calibration is discussed more in Section 4.  Other validation steps and detailed model formulations 
are described in (Matthew, 2017). While the approach developed here has been demonstrated on a 
system inspired by the case of São Miguel, it can be applied to other island systems. Any Island 
system that has a low-carbon agenda and is electrically isolated can be represented using the 
modelling platform developed for this research.  
3. Scenarios 
The three specific scenarios of potential importance discussed in this paper, together with the 
baseline (business as usual (BAU)) scenario, are derived from the literature (Botelho, 2015; European 
Commission, 2013; Isle-pact, 2012; Nunes, 2015). The specific scenarios are energy efficiency 
measures, Electric Vehicle (EV) expansion and renewables policies. These scenarios are hypothesised 
to be potentially interesting drivers for the future of the evolving electricity system that can give 
insights into the electricity system challenges for an isolated island system. One further putative 
scenario (tourism growth) was also considered, but found to have little overall impact within the 
assumptions adopted (Matthew et al., 2017). It will not be discussed further here.  
 
In our SD modelling a scenario is determined via a set of values for exogenous parameters and the 
targets of specific policies (considered as a policy or influence-based effect in which one aspect is 
given dominance or particularly emphasised in some way). The model scenarios are simulated as 
individual simulation runs.  By exploring the synthesis model through such scenarios it becomes 
possible to reveal key aspects of the potential for electricity futures on the island of São Miguel. The 
underlying model structure in each case is unchanged. The individual scenarios are now described. 
 
Scenario 1: Business as usual (BAU) 
This extrapolates the current trend of key factors and policies within the island system. The scenario 
uses system data from 2005 to 2015, together with the past and present policies and the prevailing 
economic and social conditions. Two important factors are the island population, which is 
determined by the current birth and death rates, and the Gross Domestic Product (GDP) per capita; 
both being extrapolated up to 2050 from the 2005-2015 historical data. The existing policy for 
energy efficiency: a target of 6% decrease in consumption across all consumer-type sectors 2012-
2027 is implemented. The renewable policy, which was enacted in mid-2008 to achieve 
approximately 75% renewable generation by 2020, is replaced by a more modest 45% renewable 
installation. This adjustment of the policy is made to reflect rates of actual installation in 2015 (EDA, 
2016). In addition, a medium-term goal of a 30% reduction in CO2 emissions by 2020 is implemented 
within this scenario. There is also a 12 MW goal for a small reservoir energy storage project to begin 
in 2018, considered as a policy objective for the system (Botelho, 2015). (This project was confirmed 
in early 2019 to be delayed but is still illustrated within the paper for gauging its impacts.) There are 
no special EV policies or pronounced market influences beyond the prevailing increase in EVs (based 
on the purchasing rate of about 4 new EVs per year in 2015) which currently results in approximately 
50 vehicles in 2015. For this scenario, the growth rate in the number of overnight tourist stays is 
determined from the 2005-2016 historical data to be 0.14% (SREA, 2018), starting with an initial 
value of 96,000 in January 2005 and extrapolated into the future. Using these as key inputs, the 
long-term trends and impacts within the system are simulated. 
 
Scenario 2:  Energy efficiency  
This is the same as Scenario 1 except variations in the energy efficiency policy as described in 
Scenario 1 with two case studies considered: namely, the doubling (to 12%) and tripling (to 18%) of 
the original policy targets across the policy timeline of 15 years. The energy efficiency policy 
measures are discontinued after 15 years (Botelho, 2015; Nunes, 2015) while longer timelines are 
considered for the sensitivity analysis. It is also assumed that the energy efficiency measures are 
fully adopted by the consumers (no adoption dynamics for this model). However, the extreme case 
for non-adoption is reflected in the BAU case.  
 
Scenario 3: EV expansion 
This scenario examines the possible influence of EV expansion. It corresponds to Scenario 1 apart 
from the EV expansion. It is assumed that light-duty vehicles are the target for EV expansion, with a 
market-based adoption policy for diffusion of technologies (Bass, 1969), a target of approximately 
2500 EVs by 2020 (Botelho, 2015), and a combination of the 2020 EV and market-based adoption 
policies.  
 
Scenario 4: Renewables policies 
This scenario features two case studies of renewable policies based around Scenario 1. A target of 
30% reduction in CO2 emissions and 45% installed renewable capacity within the system by 2050 is 
examined. In addition, a more aggressive 50% reduction in CO2 emissions with 75% installed 
renewable capacity within the system by 2030 is also considered.  
4. Results and Discussion 
4.1 Model Calibration and Validation 
Figure 3 shows the simulated base model output data compared with the historical data of the 
corresponding real system variables during the calibration period. There is no installed energy storage 
capacity within the system over this period as reflected in Figure 4. 
 
  Figure 4 Comparison of base model output data and real data for the synthesis model during the 
calibration period 2005 - 2015, showing good agreement for the Installed Renewables Aggregated 
Capacity but some divergence for the Installed Fossil Generation Capacity. The Installed Energy 
Storage Capacity is zero during the calibration period. 
Comprehensive statistical methods have been used to aid model calibration. A statistical measure of 
fit, R2, and Theil inequality statistics (Sterman, 2000, Chapter 21) have been used to characterize the 
sources of error within the analytical comparisons of both the simulated and historical data. After 
refinements to the model formulations, and with further simulations of the base model, the resulting 
statistical values of some of the important variables are reported in Table 1.  
 
Table 1 Model fits of historical data to some important variables [In this table “avg” refers to the 
mean] 
For the statistical values shown in Table 1, the MAE/M variable is the mean absolute error (MAE) 
divided by the mean (M) of the data. R2 is the coefficient of determination and measures the point-
by-point correspondence of the model output with the historical data. Only the installed renewables 
capacity variable has a very high R2 value, since it is the only variable with excellent point-by-point 
correspondence of the model output with historical data.  
A statistical measure, the Theil inequality statistics is used to further confirm the model fit of the 
historical data and model output. It decomposes the total mean square error (MSE) between the 
model run and real data into three components, Um, Us and Uc. These three components arise from 
the bias (unequal means of simulated and actual data), unequal variances (difference in variance), 
and unequal covariation (due to point-to-point covariance), and satisfy    	+ 	 	+ 	 	 = 	1. From 
Table 1, the monthly consumption for the total and most of the various consumption sector 
variables reproduces the real data behaviour very well with the MSE concentrated in the unequal 
covariations. This implies that the model variables have the same mean and trends as the historical 
data, but differ from the historical data point-by-point. The installed renewables capacity has 
excellent point-by-point correspondence of model and historical data, which is statistically 
confirmed further by its MSE, concentrated in the “bias” and the “unequal covariation”. The installed 
fossil capacity reveals a good point-by-point correspondence of the model and historical data and 
has a level of MSE concentrated in the bias. This implies that the trends are well-represented but 
there is a slight shifting of the model simulation run from the data. However, this shifting can be 
ignored since the MAE is only 2% of the average of the historical fossil generation data. Using the 
Theil statistics measure of these key variables non-systematic errors are elaborated for the model. In 
this work, the model emulates the historical data very well within the calibration period.  
Variable Name 
 
R2 MAE/M Um Us Uc 
avg total monthly 
consumer consumption 








24.82% 0.0395 0.06 0.04 0.90 
avg industrial business 
monthly consumption 
25.08% 0.0461 0.10 0.00 0.90 
avg public services 
monthly consumption 
26.70% 0.0263 0.27 0.54 0.19 
Installed Fossil 
Generation Capacity 
46.20% 0.0193 0.65 0.32 0.03 
Installed Renewables 
Aggregated Capacity 
99.40% 0.0144 0.23 0.04 0.74 
The long-term installed capacities of the various generation technologies for the four scenarios in 
Section 3 are critically evaluated in the next section. The environmental impact is represented by 
CO2 emissions, while the BAU scenario is used as the base for comparative purposes. Both aggressive 
and more relaxed policies are examined together with their respective impacts on low-carbon 
generation capacity investments. In addition, the effect of tourism is minimal within our modelling 
assumptions, they are not separately detailed, but instead contained within a combined scenario 
analysis detailed in Section 4.3. 
 
4.2 Scenario-Specific Capacity Mix 
4.2.1 Installed Fossil Generation Capacity 
For various simulation runs of the model for scenarios that double and triple the energy-efficiency 
target (over the 15-year time-period in which the energy efficiency policy is active) there was 
negligible influence on the installed fossil generation capacity. Similarly, the trajectory of the 
installed fossil generation is unchanged by various EV expansion policies together. In all cases, the 
installed fossil generation capacity shows no discernible difference from the BAU scenario for the 
given installed fossil capacity. The results reveal that only the renewables policy provides an 
apparently significant effect on the installed fossil generation capacity. The effect is seen especially 
when renewables policies are driven for longer – see Figure 5. 
 
Figure 5 Impact of various renewable policies on installed fossil generation capacity 
Figure 5 shows the effects on the installed fossil generation of changing the renewables policy. For 
the BAU scenario, the renewables policy seeks to have 45% of the 2005 total electricity generation 
capacity provided by renewables by 2020. This policy also seeks a 30% reduction of the 2005 CO2 
emissions level over the same period. The long-term effect of this policy on the installed fossil 
generation policy shows a steady decline in such installations from about 103MW in 2005 to about 
35MW in 2050. From these results, it is also seen that the 2030 high renewables policy follows a 
similar downward trend but at a higher rate of decline up to 2030, before tapering off above the 
BAU scenario. For the 2050 renewables policy, the trend is a slight drop in installed capacity, which 
then gradually increases, and settles at a slightly lower capacity than the 2005 installation value.  
The main conclusion from these results is that the renewables policy will have more of an effect on 
the installed fossil generation capacity than other potential scenario influences such as the effects of 
energy efficiency and EV expansion. 
4.2.2 Installed Energy Storage capacity 
As in the case of the installed fossil generation capacity, the range of energy efficiency scenarios and 
EV expansion have a negligible impact on the installed energy storage within this island system. The 
simulation runs for the various scenarios in all cases appear to be congruent with no discernible 
differences from the BAU scenario.  
 
Figure 6 Impact of various renewable policies on installed energy storage capacity 
The impact of the various renewables policies on the installed energy storage capacity is also 
minimal though it still reveals some level of impact as represented by the thicker lines in Figure 6. 
This can be attributed to the fact that there are separate non-related energy storage policies that 
guide these installations. However, the minimal impacts confirm that renewables policies do have 
the potential, in the absence of energy storage policies, to have a long-term influence on the growth 
of energy storage installations and vice versa.  
4.2.3 Installed Renewables Capacity 
A focus on the installed renewables within the system sees many dynamics related to the energy 
efficiency, EV expansion and renewables policies. Figure 7 shows that the effect of the energy 
efficiency futures on the installed renewables capacity is more pronounced than with the energy 
storage and fossil generation futures. The installed renewables capacity for the tripling of energy 
efficiency measure is lower than that of the doubling measure, which is concomitantly lower than 
the BAU scenario after the 15 years’ timeline for energy efficiency policy. This observation is valid 
under the assumption that, in the long-term, renewables are the preferred ‘capacity-type’ to be 
installed. To satisfy the change in the long-term demand there will be a proportional change in the 
installed renewables capacity. The installation changes are not very visible for the earlier part of the 
simulation until around 2023, because the installed capacities during those initial years are sufficient 
to meet the variations in the demand given from energy-efficiency measures. These results reveal 
that energy efficiency measures will have an impact on the long-term investments and will be 
directly applicable to the generation technology that is preferred for capacity installations (in this 
case a low-carbon renewables focus). Consequently, the impact of energy efficiency measures on 
generation capacity investments is driven by the pre-existing direction of capacity installation 
policies such as renewables integration. 
Additionally, there are various long-term impacts on the installed renewables capacity trajectories 
visible for the different EV expansion policies. It can be seen that the combined EV expansion market 
and 2020 policy (grey line) result in a higher renewables capacity by 2050 than is seen in all other 
scenarios. In addition, for the other scenarios of market-based and only a 2020 EV policy the 
penetration of renewables has very similar trajectories and hovers around the “business as usual” 
scenario in the long term. This validates the previous result in (Matthew, 2017) that EV expansion is 
a key aspect to increasing the renewables capacity of the island system. There is also a small dip in 
installed renewable capacity around 2027-2032 (more visible with the combined EV expansion and 
2020 policy scenarios) for the simulation runs with more EVs (red, green and grey lines). This implies 
that fewer capacity investments are facilitated up to a point with higher EV penetration (assuming 
that the EVs have a mainly off-peak charging routine at low-load periods). This result remains valid 
where renewables capacity is the preferred generation source for new capacity investments as 
highlighted for the energy efficiency results above. 
 
Figure 7 Impact of energy efficiency scenarios (top graph), EV expansion policies (bottom left-hand 
graph) and various renewable policies (bottom right-hand graph) on installed aggregated 
renewable capacity 
Figure 7 (bottom right-hand graph) also shows the effects of the various renewables policies on the 
installed renewables capacity. Both the BAU and 2030 high-renewables policy scenarios result in 
similar trends in the quantities of installed renewables within the system by 2050. In both 
simulations, they are initially s-shaped curves (as the desired installations that are achieved are 
followed by further installations to meet the long-term increasing electricity demand). In addition, 
invoking the notion of SD archetypes, one can say that these s-shaped curves are oscillating after an 
overshoot (Sterman, 2000, page 121), along an upward trajectory of the installed renewables 
carrying capacity, whereas the 2050 renewables policy simulation gradually increases installed 
renewables capacity over the timeline of the simulation to about 90MW in 2050. The 2050 
renewables policy extends the renewables capacity and emissions goals of the BAU scenario over 
the entire timeline, i.e. up until 2050. This scenario run had the lowest rate of installations and 
resulted in the least amount of installed renewables capacity by 2050. This implies that relaxing the 
renewables policy has less influence than a more aggressive renewables policy has on substantially 
increasing the quantities of installed renewables capacity. 
4.3 Combined Scenarios Capacity Mix 
This section presents a comprehensive consideration of policies and drivers. A simple approach was 
taken in which all of the aggressive policies and drivers (“all policies high”) were simulated at once 
and compared to all of the less aggressive policies and drivers (“relax all policies”) being simulated at 
once. For example, with the aggressive policies and high driver influences the 2030 high-renewables 
policy was combined with the high EV expansion and high energy-efficiency measures (18% 
reduction). As noted earlier a high tourism growth rate was also factored in, but found to have 
negligible impact (within the assumptions of that putative scenario). 
 
Intuitively it should be expected that a combined scenario analysis might reveal profound systemic 
observations that may have previously been missed by more limited. In reality, however, we find in 
this case that the synthesis approach described in this paper reinforces and further clarifies the 
observations and conclusions that were already visible within the preceding individual scenario-by-
scenario analysis (Matthew et al., 2017). This reinforcement of prior observations gives insights into 
the key issues for the future of the system when all real-world influences and policies are in situ. In 
addition, this combined scenarios approach can be tested more robustly in a Markov Chain Monte 
Carlo (MCMC) sensitivity analysis to give further model confidence bounds as in Section 4.5. Results 
for the combined scenario analysis were obtained and compared to BAU for the key variables. 
 
4.3.1 Installed Fossil Generation and Energy Storage Capacity 
Figure 8 (left) shows the effects on the installed fossil generation of the different combined scenario 
simulations. The “relax all policies” simulation produced the most fossil generation capacity in the 
long term compared to BAU and the “all policies high” simulation produced the least. These results 
also corroborated the findings distilled from Figure 5, implying that fossil generation is highly 
influenced by the type of renewable policy that stems from the environmental and energy-security 
concerns of the system. 
 
Figure 8 Impact of combined scenarios on installed fossil generation capacity (left) and 
energy storage capacity (right) 
Figure 8 (left) reveals a range of possible futures for fossil-fuel generation but in Figure 8 (right) it 
can be seen that a very rigid and distinctive evolution of energy storage occurs. This reproduces the 
behaviour witnessed in all the preceding scenario analyses for the energy storage variable (see 
Figure 6). In SD analysis, observations of this type are consistent with the influence of a strong 
external driver and, in this case, it is the policy goal for a small reservoir energy-storage project on 
the island to commence after 2019. Hence, energy storage within this model is found not to be 
endogenously driven by model behaviours. The fact that in all scenarios installed energy-storage 
capacity actually decreases at the end of the policy implies that the policy must be upheld in the long 
term to sustain energy storage within the system. The result also gives insights that distinct and 
limited (strict) energy-storage policy goals are not affected by other policies in the system. 
That said, it is important to recognize that this SD analysis does not include the possibility of vehicle-
to-grid electricity storage, which could become a major component of electricity storage in the 
future and hence build upon earlier and more traditional policy-led energy-storage approaches. 
Nevertheless, one can springboard from them, and hence avoid the decline in storage seen in the 
years after 2025 in Figures 6 and 8 (right). Energy-storage policies should be more aggressive and 
possibly aligned with other energy policies such as renewables integration within the system. 
4.3.2 Installed Renewables Capacity 
 
 
Figure 9 Impact of combined scenarios on aggregated installed renewable capacity 
Figure 9 shows the effects of the combined-policies simulation runs on the installed renewables 
capacity. For these results, “relax all policies” achieved the least amount of installed renewables 
while conversely the “all policies high” simulation achieved the highest in the long term. The latter 
also achieved a deeper penetration of renewables driven by the renewables policy and aided by the 
high influx of EVs (almost 25% more than BAU by 2020) within the earlier years. These results also 
reflect the advent of energy storage and the high- and low- renewable policy scenario results of 
Figure 8 (left). This implies, as with the installed fossil generation capacity, that the installed 
renewables capacity is strongly influenced by the existing renewables policy. The oscillations seen 
for the renewables-policy scenario in the previous section corroborates the influence of renewables 
policy on the renewables capacity installed. This is evidenced from the s-shaped archetypes (of the 
balancing effects) of the various (2030 and 2050) goal-seeking targets of the renewables policy. In 
addition, it can be seen that a high penetration of renewables can still exist even under high energy-
efficiency measures and EV expansion within the system whilst a lower penetration of renewables 
capacity exists with weak energy-efficiency measures. 
4.3.3 Accumulated CO2 Emissions 
Figure 10 shows the corresponding impacts of the combined scenarios simulations on the long-term 
accumulated CO2 emissions. The BAU and “all policies high” simulations achieve comparable CO2 
emissions by 2050, while emissions are greatest in 2050 (80% to 90% more than in other runs) for 
“relax all policies”. The “all policies high” scenario is able to mitigate the long-term increases in CO2 
emissions and achieves the lowest level by 2050. 
 
 
Figure 10 Impact of combined scenarios on accumulated CO2 emissions 
These results indicate that pursuing non-aggressive energy policies in the island system hinders both 
environmental and energy security objectives and leads to greater electricity challenges for energy 
transition. However, these policies are not overly aggressive since similar environmental objectives 
can still be achieved by adopting the BAU policy. Thus, balancing environmental and energy-security 
concerns is vital and strongly influences both the pathway and investment polices required to 
alleviate them. 
4.4 Long-term Profitability Impacts on Capacity Investments 
It was observed earlier that the policies for renewables installation are very influential within the 
system and the installed capacity can exhibit s-shaped growth with overshoot and oscillations 
(Sterman, 2000). Here the financial attractiveness linked to the profitability of the installed 
capacities is used to gauge the impacts within the installed capacities of the system. The only 
difference from the previous analysis is the use of high electricity tariffs for the BAU scenario (fixed 
at double the 2005 tariffs). This should reflect a situation in which the utility company can collect 
more revenues for their equivalent sale of electricity capacity. 
 
Figure 11 displays, through various runs, the sensitivity of the increased profitability on the 
investments in the different installed capacities. The investments in energy storage exhibit no 
change in capacity investments with high electricity tariffs. This is again due to the fixed energy-
storage policy for capacity, so no investments are made with excess revenues available. Also shown 
is the fossil generation investments’ downward trajectory which is unchanged though there is a 
greater delay in the removal of fossil generation from the system due to installed fossil generation 
remaining more financially attractive than in BAU because of the higher financial prosperity to the 
electricity company from the excess revenues collected.  
 
Figure 11 Impact of increased profitability on installed capacity 
For the installed renewables capacity (blue and red lines), the investments increases under high 
electricity tariffs and a lot more renewables-capacity installations occur in the long-term by 2050. A 
more prominent s-shaped growth with an overshoot SD archetype (Sterman, 2000) is also visible. 
The red curve has pronounced periods of high renewables growth before encountering a slowdown 
and this observation recurs for the entire simulation. These oscillations, however, become damped 
which indicates that there is some local stability for the trajectory of the installed renewables 
capacity. A strong indicator that the cycles necessary for the renewables investments is constrained 
by a negative feedback is probably linked to the financial upkeep of the new installations. 
Additionally, this phenomenon might be also related to the environmental and energy-security 
driven renewables policy goals of the system. Taking this into account, it can be said that the 
financial viability of the electricity company can provide for a greater penetration of low-carbon, 
however, the low-carbon policies need to focus on the more rapid damping of likely oscillations (as 
shown in the BAU results). These challenges are all mitigated with the correct approach to the low-
carbon transition in terms of suitable investments and innovative business models for the utility 
company to avoid a boom-and-bust-cycle effect for new low-carbon generation. 
4.5 Long-term Capacity Mix Confidence Bounds 
This section details the results on the confidence bounds of the installed capacities for disaggregated 
renewable sources together with the fossil generation. In addition, the confidence bounds for the 
accumulated CO2 emissions are displayed. These results are obtained by applying the standard 
Vensim multivariate MCMC sensitivity analysis to the policy scenarios discussed in Section 3. Two 
hundred simulations were conducted, with the program randomly selecting values from the 
sensitivity ranges of the parameters shown in Table 2. The switches (for turning on and off 
policy/specific implementations within the model using a binary (1) on and (0) off) used for model 
implementation in the Vensim software for the EV expansion were also activated. 
 
Table 2 Important variables for the sensitivity analysis 
 
The results displayed in Figure 12 show the confidence bounds as coloured bands using the 50%, 75%, 
95% and 100% percentiles. So for example, a 75% confidence bound (green) indicates that 75% of all 
runs fall within the top and bottom green bands (including obviously the 50% yellow band), 90% within 
the blue bands and 100% within the grey bands. The resulting range of possible outcomes for the 
capacity installations of the different technologies and the accumulated CO2 emissions of the system 
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Figure 12 Sensitivity of the installed disaggregated renewables capacity 
Figure 12 displays the range of MW values for the installed capacities of the disaggregated 
renewables capacity of the system. The base-load renewables such as geothermal and run-of-river 
hydro have the largest installed capacities with the former bounded within a higher range than the 
latter. The other renewables such as biomass, wind and micro/mini generation (solar) are bounded 
within lower ranges of installed capacities. This implies that the base-load renewables will be more 
prominent in the longer-term than the more intermittent renewables. (The limits to their 
installations can be restricted by the availability of the respective heat and water resources within 
the island.) Although biomass is not an intermittent renewable source it struggles to compete with 
the more familiar (learning-by-doing) and cost-effective base-load renewables.  
Figure 13 captures the range of possible outcomes for installed fossil generation. It confirms that, in 
the long term, there will be a decrease in capacity from fossil generation, implying any combination 
of the assorted policies in Section 3 will lead to lower fossil generated capacity by 2050. 
 
Figure 13 Sensitivity of the installed fossil generation capacity with various policies 
Also observed is the wide range of installed fossil generation by 2050, which implies that the policies 
applied for the removal of fossil generation must be closely aligned to the lower range of possible 
outcomes (driven by the renewables policy) in Figure 13. 
Figure 14 presents the range of possible outcomes for the accumulated CO2 emissions until 2050. 
The wide extent of possible outcomes is guided by the large range of possible outcomes of the 
installed fossil generation within the system. It indicates that, with a higher installation of fossil 
generation (from more relaxed low-carbon policies), CO2 emissions can be as high as 8 million tonnes 
or it can be as low as 4 million tonnes with a lower level of fossil installations. 
 
Figure 14 Sensitivity of the accumulated CO2 emissions with various policies 
This reinforces the judgement that co-ordinated policies must be pursued to minimise the 
environmental challenges and effects of CO2 emissions, i.e., those that keep installed fossil 
generation lower. These confidence bounds for the policy scenarios give a view of the wide-ranging 
possible outcomes that each of the key variables examined can experience in the long term.  
 
Figure 15 focuses on the differences seen between 2005 and 2050 for three key outputs of the 
model. In each case three distinct policy contexts, or scenarios, are considered. These are as 
described earlier and in each case an assumption is made that the relevant scenario has been 
followed for the full 45-year period yielding the 2050 result presented in the figure. The figure 
reveals very clearly a significant decline of fossil fuel combustion in both the Business-As-Usual and 
All-Policies-High scenarios, but we see that, in the case of the All-Policies-Relaxed scenario, 
significant fossil fuel use remains. We see that renewable generation grows significantly in all 
scenarios, although it is somewhat lower in the All-Policies-Relaxed scenario. This is unsurprising 
given the continued significance of fossil fuels in that scenario. Earlier we observed that it is 
renewables policy that shapes fossil-fuel developments rather than the other way round. In all cases 
greenhouse-gas emissions reduce significantly and this is broadly consistent with international policy 
goals. The most dramatic emissions reduction is seen in the All-Policies-High scenario (approximately 
21,400 Tonnes per annum in 2050, as opposed to more than 30,000 Tonnes per annum in both the 
other two scenarios). 
 
 
Figure 15 A summary representation of the changes from 2005 to 2050 seen for three key model 
outputs: installed fossil fuel generation capacity, installed renewable electricity capacity and 
annual greenhouse gas emissions. The 2050 data represents central values in the three policy 
scenarios described in the text (Business As Usual, All Policies High, and All Policies Relaxed). For 
each model output, the historical 2005 data is not affected by the future scenario pathways. 
 
5. Conclusions 
 This paper presents a new SD simulation model of electricity capacity investments and policy 
influences for a low-carbon electricity system. The model captures key causal relationships, including 
environmental and energy security issues, for an isolated island electricity system. The model 
represents endogenous demand dynamics arising from low-carbon policies. It also includes policy 
barriers and consideration of the incentives required for more sustainable electricity systems. 
Additionally, the model has the potential to inform electricity policy planning. It gives particular 
insight into possible approaches to investments in electricity-generation capacity expansion. 
To be more specific the model reveals that the low-carbon policies of EV uptake and renewables 
electricity- generation are important especially as related to the potentially beneficial synergies 
between both developments.  Indeed, high EV penetration gives the largest installed renewables 
capacity in 2050. In contrast, the high-efficiency scenario has the lowest deployed renewables 
capacity in 2050 of all the scenarios considered. The difference between highest and lowest 
renewables capacity is 30% of the maximum capacity seen. EV expansion can permit a short-term 
reduction in generation capacity investments of 5-10% compared to a Business-as-Usual future. This 
is compatible with trajectories increasing the amount of installed renewable generation capacity in 
the longer-term. Meanwhile, fossil-fuel-based generation capacity will be largely eliminated from 
the generation mix over the long term especially as near baseload renewables, such as geothermal 
and run of river hydropower, assume a greater role ahead of more variable sources (e.g. wind 
generation). The island of São Miguel is blessed by having access to substantial renewable sources of 
various types – near baseload, dispatchable and variable/intermittent.  
The model reveals that CO2-emissions reductions of up to 50% are readily possible. Island systems, in 
particular, show us that energy-storage policies are vital in enabling high-renewable generation 
futures. To that end relevant policies need to be more aggressive and better aligned with each other 
to support the deployment of more electricity-storage capability. The model shows that a mix of 
low-carbon policies can be especially useful for isolated island systems because renewables policies 
alone can even act to dampen renewable capacity investments in some scenarios. Supporting 
policies (e.g. in storage or EVs) are needed for the highest renewable capacities to be realised – 
renewable energy policy alone is not sufficient and can even become detrimental to progress.   
The model shows, unsurprisingly, that less ambitious energy-storage policies do indeed yield lower 
energy-storage capacities in the long term than can be achieved in other policy contexts. Policy, of 
course, is not the only determinant of investment; for example, the financial viability of the 
electricity system can shape the installed capacity of low-carbon generation especially in scenarios 
with weak, or non-existent, low-carbon policies.  
As noted above, the model reveals the synergistic benefits between policies for renewable energy, 
EVs and electricity storage. Electricity-storage systems are not just involved in ensuring ongoing 
energy supply and demand balance they are also important over short timescales in protecting the 
frequency of the electricity system. While there has been much work recently on concepts of “virtual 
inertia” for renewables-dominated grids, more traditional solutions such as flywheels are also 
available. Recent innovations in low-carbon frequency-balancing generation sources have been 
reported by Martínez-Lucas et al. (2016), Inoue, Genchi and Kudoh (2017) and Muñoz-Benavente et 
al. (2017). 
The work reported in this paper reveals the extent of technical opportunities, the power and reach 
of policies, and the synergistic interactions between technologies and policies. The research can 
additionally be used to inform future policies, in particular showing the opportunities that policy 
makers have to shape the development and future of low-carbon isolated electricity systems. To be 
more specific, the results indicate that renewable targets are of significant importance for ensuring 
emissions reductions and such policies have a key role in achieving an expansion of low-carbon 
capacity within the electricity system. An EV expansion policy, of appropriate scope and duration, 
and such as may be aided by governmental intervention, can enhance the uptake of low-carbon 
generation in the long term and can defer by 5-10% the need for further capacity investments. 
Energy-storage policies are best when applied more aggressively and the greatest benefits come 
from an alignment with other energy and environmental policies. Generally, sustained policies are 
more effective than sudden initiatives or time-limited measures. Policy makers can build upon more 
traditional energy-security measures (including storage) and springboard from them into 
encouraging new technologies. In the future, such initiatives might include EVs as grid storage and 
new and smarter frequency-balancing capabilities.  
Adopting a SD approach confirms that a whole-system overview provides benefits in terms of insight 
and understanding over more disaggregated approaches to policy. The work reported here for an 
island system shows that one needs to be cautious especially of applying overly narrow policy 
approaches towards complex environmental and energy-security objectives, for which a portfolio 
approach of policies can be expected to be more effective and efficient.  
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